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ABSTRACT

The sintering and creep of plasma-sprayed ceramic thermal barrier coatings under high

temperature conditions are complex phenomena. Changes in thermomechanical and

thermophysical properties and in the stress response of these coating systems as a result of the

sintering and creep processes are detrimental to coating thermal fatigue resistance and performance.

In this paper, the sintering characteristics of ZrO2-8wt%Y203, ZrO2-25wt%CeO2-2.5wt%Y203,

ZrO2-6w%NiO-9wt%Y203, ZrO2-6wt%Sc203-2wt%Y203 and HfO2-27wt%Y203 coating

materials were investigated using dilatometry. It was found that the HfO2-Y203 and baseline

ZrO2-Y203 exhibited the best sintering resistance, while the NiO-doped ZrO2-Y203 showed the

highest shrinkage strain rates during the tests. Higher shrinkage strain rates of the coating materials

were also observed when the specimens were tested in Ar+5%H2 as compared to in air. This

phenomenon was attributed to an enhanced metal cation interstitial diffusion mechanism under the

reducing conditions. It is proposed that increased chemical stability of coating materials will

improve the material sintering resistance.

I. INTRODUCTION

Plasma-sprayed ceramic thermal barrier coatings are being developed for advanced gas

turbine and diesel engine applications to improve engine reliability and efficiency. Since these

coatings are experiencing severe thermomechanical cycling during engine operation, it is especially

challenging to develop coating systems with high reliability and durability. In particular, ceramic
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coatingsinteringand creepat high temperatureare among the most important issuesfor the

developmentof advancedthermalbarriercoatings,ashasbeenrecognizedby many investigators

I1-10] The ceramicsinteringandcreepat high temperaturecan resultin coatingshrinkageand

through-thicknesscrackingduringcooling, therebyfurtheracceleratingthecoatingfailureprocess.

Sintering-segmentation-enhanceddelaminationcan be an important failure mechanismfor a

thermalbarriercoatingsystem,dueto stressconcentrationfrom thethrough-thicknesscracks,and

increasedcoatingelasticmodulusfrom thesinteringdensificationprocess.Theincreasein coating

thermal conductivity is also detrimental to coating performance.Researchefforts involving

varioustechniqueshavealsobeenmadein characterizing:theceramiccoatingsinteringand creep

behaviorathigh temperatureandundertemperaturegradientssimulatingthoseencounteredin the

engine[1,2,7, 11-13]

The sinteringand creepof plasma-sprayed,porous and microcrackedceramicthermal

barriercoatingsarecomplexphenomena.Theearlywork byFirestoneet al [1, 2] indicated that the

ceramic creep appeared to be a thermally activated process, with the ceramic splat-sliding being an

important creep deformation mechanism. More recently, it has been reported that the ceramic

thermal barrier coatings can sinter and creep significantly under compressive stress states at

relatively low temperatures l1 l, 13, 14] . The "creep" of plasma-sprayed ZrO2-8wt%Y203 at room

temperature has also been observed at a tensile stress of 7.4 MPa [151. A mechanism-based model

has been proposed to describe the densification and deformation occurring in thermal barrier

coatings at temperature by taking into account the thermally and stress activated diffusion, and the

mechanical compacting processes It3] . The dopants in the ceramic coatings can significantly

modify the point defect and microstmctures in the bulk, at splat-grain boundaries and microcrack

surfaces of the materials, thereby can significantly affect these sintering and creep processes. A

better understanding of the dopant effects will help to develop future advanced, sintering/creep

resistant "superalloy-type" ceramic coatings.

The purpose of this paper is to investigate sintedng kinetics of several zirconia and hafnia

based ceramic coating materials. The ceramic materials inx estigated include: (a) ZrO2-Swt%Y203,

a NASA-Lewis Research Center reference (or baseline) material; (b) ZrO2-25wt%CeO2-

2.5wt%Y203, a commercially available coating material developed for hot corrosion resistance;

(c) HfO2-27wt%Y203, a potential new coating material d_veloped at NASA for high temperature

stability [16] , (d) ZrO2-6wt%NiO-9wt%Y203, a NiO-doped ZrO2-Y203 coating material

reported to suppress the tetragonal-monoclinic phase trarsformation [17] ; (e) ZrO2-6wt%Sc203-
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2wt%Y203,developedfor improvedhotcorrosionresistanceI18]. Thecoatingsinteringandcreep

mechanismsanddopanteffect on coatingsintering ratesare discussedbasedon experimental

observationsandpossibledefectreactions.

II. EXPERIMENTAL MATERIALS AND METHODS

The five ceramic coating materials mentioned above, ZrO2-8wt%Y203, ZrO2-

25wt%CeO2-2.5wt%Y203,ZrO2-6wt%NiO-9wt%Y203, ZrO2-6wt%Sc203-2wt%Y203 and

HfO2-27wt%Y203,werechosenfor this study.Theactualcompositionsof thesematerialswere

closeto thetheir nominalcompositions.Eachof theabovematerialswaspreparedby sinteringand

crushingexceptfor ZrO2-25CeO2-2.5wt%Y203whichwasspraydriedandplasmaspheroidized.

A singlesetof standardplasma-sprayparameterswasusedfor eachmaterial.Thepowderswith an

averageparticlesizeof 60 I.tmof thesecoatingmaterialswere first plasma-sprayedonto 3 mm

diametergraphitecylindricalbars,usingtheplasmasprayconditionsdescribedpreviously[19]. The

coatingthicknesswasabout0.76mm, andporositywasabout10%.Thegraphitebarswerethen

slowly burntoff at 600°Cfor 6 hoursin afurnacein air. Thehollow ceramiccylinderswerecut

into 25.4mmdilatometerspecimens.

Ceramic sintering experimentswere carried out in air and in Ar+5%H2 within the

temperaturerangeof 900to 1400°C,usingaUNITHERMTM high temperature dilatometer system

shown in Figure 1. Since the push rod in the dilatometer exerts a certain amount of force

(measured at approximately 450g using a spring device) on the specimen, a uniaxial stress of

Ceramic coating material _" 0

-_ f -p _ ==_Water outlet
_¢ ?' rE2 --_,as outlet

{{ t *_Push rods {_i _Water

_ __Gasinlet==

inlet

Y
Fig. 1 Schematic diagram showing the ceramic sintering experiment

using dilatomentry.
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approximately0.5MPawasactingonthespecimenduringtheentiresinteringtest.Therefore,this

experimentcan alsobe considereda low constant-stre,_screeptest for the ceramicmaterials.

During thesintering/creepexperimentsatvarioustesttemperatures,all specimenswereheatedin at

rateof 5°C/minuteandheldat thegiventesttemperature..for15hours,andthencooleddown at a

rateof 5°C/minuteto roomtemperature.Specimenshrinkageduringtheheating/coolingcycleswas

continuouslyrecordedin a computersystem.Surfacemorphologychangesof thespecimensdue

to the sinteringprocesswere examinedusing a scanningelectronmicroscope(SEM). Phase

structuresof the specimensbeforeand after dilatometeIsinteringtestswere also examinedby

X-ray diffractometrywith Cu Ka radiation.

III. EXPERIMENTAL RESULTS

Figure 2 shows thermal expansion (shrinkage) results for the coating materials during the

sintering experiments at various temperatures measured by the dilatometry technique. Sintering

shrinkage were observed for all materials when the specimens were held at temperature for 15

hours. The shrinkage strains increased with increasing temperature. It can be seen that the HfO2-

27wt% Y20 3 showed the best sintering resistance. In contrast, CeO2-, Sc203, and NiO-doped

ZrO2-Y203 materials exhibit significant sintering shrinkage. Below the temperature of 900°C, no

significant shrinkage strains were detected for the given test time. Figure 3 illustrates the sintering

shrinkage strains occurring at the isothermal sintering stages as a function of temperature.

The sintering rates of the ceramic materials at the isothermal stages change with time,

especially at the early sintering time period. As shown in examples in Figure 4 (a) and (b), faster

shrinkage rates were observed initially, however, relatively constant rates were observed for longer

sintering times. At 1400°C as shown in Figure 4 (c), the "steady state" sintering rates for ZrO2-

Y203, ZrO2-CeO2-Y203, ZrO2-Sc203-Y203, ZrO2-NiO-Y203, and HfO2-Y203 are

2.6x10 -8/sec., 3.8x10 -8/sec. 4.2x10 -8/sec., 8.5x10 -_/sec. and 6.4x10 -9/sec., respectively.

Figure 4 (d) shows that for ZrO2-NiO-Y203, the second cycle resulted in further shrinkage of the

specimen at 1200°C.

Figure 5 shows the sintering shrinkage kinetics of plasma-sprayed ZrO2-8wt%Y203 at

1200°C in air and in Ar+5%H2. It can be seen that whe11 the specimen was tested in a reducing

atmosphere, a faster sintering shrinkage rate was observed. In addition, the ceramic coating

material turned black after this Ar+H2 treatment. Increase_ sintering rates and darkened color were

observed for all other materials under the reduced oxygen partial pressure condition. This may

imply that the more defective structure of the materials due to Ar+H2 sintering would increase the

NASA/TM--1998-208406 4
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Fig. 3 Total sintering shrinkage strains for the coating materials at the

15 hour isothermal sintering stages as a function of temperature.

minority defect transport especially at the internal surfaces and grain boundaries, thus resulting in a

faster sintering rate.

Figure 6 illustrates some examples of the X-ray diffraction spectra for ZrO2-Y203, ZrO2-

CeO2-Y203, HfO2-Y203 and ZrO2-Sc203-Y203 after 15 hours sintering at 1200°C in air. From

X-my diffraction experiments, it was found that the baseline ZrO2-8wt%Y203 primarily consisted

of tetragonal t' phase. The CeO2-doped ZrO2-Y203 also showed significant amount of t' phase,

however, the possibility that the cubic c phase might also 9e increased as compared to the baseline

material requires further study. Due to the high concentmlion of yttria dopant, HfO2-27wt%Y203

had a fully stabilized cubic c phase. No appreciable monoclinic phase was observed in these three

materials. Heat treatments related to the sintering experiments under various temperature and

oxygen pressure conditions did not measurably alter the phase structures of these materials. The as-

sprayed ZrO2-Sc203-Y203 material showed tetragonal t phase and an increased amount of the

monoclinic m phase. The monoclinic phase in the Sc_O3-doped materials increased after the

sintering tests.
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Fig. 4 Sintering behavior of the ceramic materials at the isothermal stages. (a) and (b) The

sintering strains as a function of time and temperature for ZrO2-8wt%Y203 and ZrO2-

25wt%CeO2-2.5wt%Y203, respectively; (c) Steady state creep rates for the ceramic

materials at 1400°C; (d) Sintering shrinkage of ZrO2-6wt%NiO-9wt%Y203 at 1200°C

under two temperature cycles.
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Fig. 5 Sintering shrinkage kinetics of plasma-sprayed ZrO2-8wt%Y203 at

1200°C in air and in Ar+5 %H2.

The NiO-doped ZrO2-Y203 showed more complex phase structures. As shown in Figure

6, The majority phase in ZrO2-NiO-Y203 was the cubic c phase, instead of tetragonal phase in

the baseline material. However, the monoclinic m phase was also present in this material. Because

of the limited solubility of NiO in ZrO2-Y203 (about 3 tool% at 1600°C [17] ), NiO phase was

observed in the as-sprayed and air-sintered specimens. In the Ar+H2 sintered specimens, however,

a Ni phase was present because of the reduction of NiO.

Surface microstructure changes were also observed after the sintering experiments. Certain

regions showed more noticeable sintering densification _md grain growth as compared to other

regions, indicating there were some heterogeneities in the observed sintering phenomena. Figure 7

shows micrographs of ceramic surfaces of the ZrO2-8wt%Y203 coating material before and after

the dilatometry sintering at 1200°C. It can be seen that ,,intering which occurred could result in

microcrack healing and material densification, accompanying with substantial grain growth in

some regions.
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X-ray diffraction spectra of the plasma-sprayed ceramic coating materials. (a) Diffraction

spectra of ZrO2-Y203, ZrO2-CeO2-Y203, ZrO2-Sc203-Y203 and HfO2-Y203 after

1200°C sintering in air; (b) Diffraction spectra of ZrO2-NiO-Y203 under the as-sprayed

condition, and after 1200°C sintering in air and 1200°C sintering in Ar+5%H2.
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Creep deformation of ceramic coating materials requires diffusion of the cations and anions

in these materials. The creep rate in ceramics is therefore determined by the diffusion of the slowest

species, diffusing along the fastest path. In yttria-stabilized zirconia, the majority defect types are

oxygen vacancies and yttrium aliovalent dopants at normal cation sites. The possible minority

defects are zirconia interstitials, zirconium vacancies, and yttrium interstitials, and the zirconium

and yttrium cation transport is confirmed to be the slowest process in yttria-stabilized single

crystals [211 The defect reactions in the yttria-stabilized zirconia can be written according to

Kr6ger-Vink notation [22] as

Y203 = 2Yzr + 30 6 + Vt9

06=Vb+Ee' + 1 02 (_,_)

and

206 + Zr_r = Zrl.""+4e' +02(g )

"202 (g)l = Vzr + 4h"

(1)

(2)

(for majority defects)

(3)

(4)

(for minority defects)

is

where n is electron concentration, Kvo is reaction constant, AHvb

oxygen vacancies, R and T are gas constant and temperature, respectively. Metal interstitials can

be an important defect type in the oxygen deficient o_.ide [231 , and the zirconium interstitial

concentration can be obtained from Equation (3)

AHzri[Zri'"]n 4- K -1 exp (7)- Zri P02 RT

(6)

is the enthalpy of formation of

1,2i[Vo]n2=KVoPO 2 exp

In the extrinsic region, the majority defect oxygen vacancy concentration [V o]

['1determined by the dopant yttria concentration gzr , which follows the electroneutrality condition

.
At lower oxygen partial pressures in the intrinsic region where the electron conductivity

becomes important, oxygen vacancies can be further introduced according to Equation (2), that is



intrinsicregion,theelectroneutralitycanbeexpressedas

n=2[V_9]+4[Zrl. ]. (8)

By combining Equations (6)-(8), the oxygen vacancy and zirconia interstitial concentrations can be

written as

4) 1/3 -1/6[Vo]=(Kvo / P02 exp

[Zrl."]=(Kzr}... "t(ZltVo.....)4/3)) p02-113exp(

AHVo

3RT

3AHzr}3RT-4AHvb I

(9a)

(9b)

(when[Vo]>>[Zrj. ])

,2/5"_-1/10 I 5AHv°-2AHzri (10a)[ ](LVoj=\Kvo/(4Kzr}...))P02 exp. 5RT

[Zri'"]=(Kzri.../256)l15po_/5expl-At_;r;"). (lOb)

(when [Vo] << [Zril)

In the very high oxygen pressure region where the zirconium vacancies are predominant,

the electroneutrality condition can be written as

p= 4[Vzr ] (11)

where p is electron hole concentration. The zirconium vacancy concentration can be obtained from

Equation (4) as

zg/v2 (12)[Vz:I=(Kv'_ /256) 1/5 p_I0 exp 5RT

where Kv£ is a constant, AHv£ is the enthalpy of formation of zirconium vacancies. A Kr6ger-

Vink diagram is constructed based on these defect reactions and Equations (5), (9), (10) and (12),

as shown in Figure 9.

The increased sintering rate of ZrO2-8wt% Y203 at the reducing Ar+5%H2 atmosphere is

probably related to the defect structure change in the oxide. From the proposed Kr6ger-Vink

diagram shown in Figure 9, it can be seen that both concentrations of oxygen vacancies and

zirconia interstitials increase with reducing partial pressure of oxygen, especially in the low oxygen

activity region. At extremely low oxygen pressures, the metal cation interstitials can even become

the dominant defect type. Therefore, it is possible that the highly defective oxide structures under
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Fig. 9 Proposed Pseudo-Krrger-Vink diagram illustrating the possible

majority and minority defects in ZrO2-8wt%Y203.

low oxygen pressures facilitates the metal cation interstitial formation, thus resulting in faster metal

cation diffusion and the increased sintering rate. Thornton et al. [24] have also observed enhanced

cerium migration and segregation in the ZrO2-25wt%CeO2-2.5wt%Y203 material under relatively

moderate reducing conditions, further confLrming the increased cation mobility in more oxygen-

deficient oxide under the low oxygen activity conditions.

Since the ceramic sintering requires the transport o i' the minority cations, the stability of the

ceramic materials (both dopants and base materials) will have influence on the sintering behavior.

The present study has shown that there is a close relationship between the oxide chemical and

phase stability and the sintering rate. Halfnia-based oxides have higher chemical stability, and lower

oxygen partial pressures for the transition of ionic conductivity to electronic conductivity, as

compared to zirconia-based oxides, therefore it is not surprised that the HfO2-27wt%Y203

exhibited the lowest sintering rates. On the other hand, the CeO2-doped ZrO2 exhibited large

electron contributions at even moderate temperatures and oxygen activities [251. As shown in

Figure 9, the increased region of electron conductivity implies an extended metal cation interstitial

NASA/TM--1998-208406 14



region, in which the cation interstitial concentration is increased with decreasing oxygen partial

pressure, and thus resulting in possible enhanced metal cation diffusion with reducing oxygen

activity. Insufficient doping, as possibly occurred for Sc203-doped ZrO2-Y203, will have a

similar effect on the metal cation diffusion. For the NiO-doped ZrO2-Y20 3, the observed high

sintering rates may also be related to NiO segregation at the grain boundaries, which may act as a

sintering agent. At lower oxygen partial pressures, the NiO reduction to metallic Ni, as observed in

this experiment, can further enhance the sintering process. It is suggested that the chemical and

phase stability of both the base oxides and dopant oxides is critical to the sintering and creep

behavior of the ceramic materials.

V. CONCLUSIONS

1. Sintering shrinkage strains were observed at the isothermal stage for all ceramic coating

materials tested in the dilatometer sintering experiments. The HfO2-27wt%Y203 and baseline

ZrO2-8wt%Y203 exhibited the best sintering resistance, and NiO-doped ZrO2-Y203 showed

the highest shrinkage strain rates during the tests.

2. The higher shrinkage strain rates of the coating materials were observed for the specimens

tested in Ar+5%H2 as compared to those tested in air. This phenomenon was attributed to a

proposed enhanced metal cation interstitial diffusion mechanism under the reducing conditions.

3. There was a close relationship between the observed sintering behavior and chemical and phase

stability of the coating materials. Increased chemical stability of base oxides and dopants seems

to improve materials phase stability at high temperature, and sintering/creep resistance.

Insufficient doping and dopant-segregation-induced depletion will facilitate the sintering

process.
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